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Abstract	  The	  employment	  of	  magneto-­‐optical	  materials	  to	  fabricate	  photonic	  crystals	  gives	  the	  unique	  opportunity	   to	   achieve	   optical	   tuning	   by	   applying	   a	   magnetic	   field.	   In	   this	   study	   we	   have	  simulated	  the	  transmission	  spectrum	  of	  a	  microcavity	  in	  which	  the	  Bragg	  reflectors	  are	  made	  with	   silica	   (SiO2)	   and	   yttria	   (Y2O3)	   and	   the	   defect	   layer	   is	  made	  with	   TGG	   (Tb3Ga5O12).	  We	  show	  that	  the	  application	  of	  an	  external	  magnetic	  field	  results	  in	  a	  tuning	  of	  the	  defect	  mode	  of	  the	  microcavity.	  In	  the	  simulations	  we	  have	  considered	  the	  wavelength	  dependence	  of	  the	  refractive	   indexes	  and	  the	  Verdet	  constants	  of	   the	  materials.	  A	   tuning	  of	   the	  defect	  mode	  of	  about	   22	   nm	   with	   a	   magnetic	   field	   of	   5	   T,	   at	   low	   temperature	   (8	   K),	   is	   demonstrated.	  Furthermore,	   we	   discuss	   the	   possibility	   to	   tune	   a	   microcavity	   with	   disordered	   photonic	  structures	  as	  reflectors.	  In	  the	  presence	  of	  the	  magnetic	  field	  such	  microcavity	  shows	  a	  shift	  of	  resonances	   in	   a	   broad	   range	   of	   wavelengths.	   This	   study	   presents	   a	   method	   of	   contactless	  optical	  tuning.	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Introduction	  Photonic	  crystals	  are	  among	  the	  most	  interesting	  structures	  in	  optics,	  that	  give	  the	  possibility	  to	  transmit	  or	  reflect	  only	  certain	  energy	  ranges	  of	  the	  electromagnetic	  radiation.	  The	  energy	  region	   that	   is	   reflected	   by	   the	   photonic	   crystal	   is	   the	   so	   called	   photonic	   band	   gap	   [1–4].	   A	  topic,	  which	   is	  attracting	   increasing	  attention,	   is	   the	  active	  tuning	  of	   the	  photonic	  band	  gap.	  The	  most	  simple	  external	  stimulus	  that	  can	  be	  employed	  for	  such	  tuning	  is	  the	  electric	  field,	  as	  described	  in	  a	  recent	  and	  exhaustive	  review	  article	  [5].	  To	  report	  some	  examples	  of	  electro-­‐optical	  tuning,	  electro-­‐active	  polyferrocenylsilane	  based	  opals	  and	  inverse	  opals	  with	  a	  broad	  tunability	   have	   been	   reported	   [6,7].	   A	   liquid	   crystal	   infiltrated	   one	   dimensional	   photonic	  crystal	  showed	  a	  band	  gap	  shift	  of	  8	  nm	  by	  applying	  a	  field	  of	  8	  V	  [8,9].	  Moreover,	  with	  a	  silver	  nanoparticle/titania	  nanoparticle	  based	  one	  dimensional	  photonic	  crystal,	  a	  band	  gap	  shift	  of	  10	  nm	  with	  10	  V	  applied	  voltage	  has	  been	  achieved	  [10].	  The	  employment	  of	  electric	  contacts	  is	  necessary	  to	  apply	  an	  external	  electric	  field,.	  To	  achieve	  a	  tuning	  of	  the	  photonic	  band	  gap	  without	  electric	   contacts,	   the	  application	  of	  a	  magnetic	   field	   is	  a	  promising	  way	   [11–14].	   In	  fact,	  in	  recent	  years	  interesting	  works	  were	  reported	  on	  magnetophotonic	  crystals	  [15–18].	  In	  this	   work,	   we	   focus	   on	   the	   effect	   of	   microcavities	   on	   the	   light	   transmission	   spectrum	   in	  presence	  of	  an	  external	  magnetic	   field	  using	  clockwise	  and	  counter-­‐clockwise	  polarizations.	  We	  simulate	  the	  transmission	  spectra	  of	  a	  microcavity	  in	  which	  the	  Bragg	  reflectors	  are	  made	  alternating	   layers	   of	   silica	   (SiO2)	   and	   yttria	   (Y2O3)	   and	   the	   defect	   layer	   is	   made	   of	   TGG	  (Tb3Ga5O12).	  TGG	  is	  a	  widely	  investigated	  material	  showing	  interesting	  magnetic	  properties	  as	  a	  very	  high	  Verdet	  constant	  [19,20].	  The	  wavelength	  dependent	  refractive	  indexes	  and	  Verdet	  constants	   of	   the	  materials	   has	   been	   judiciously	   considered	   in	   the	   simulation.	  We	   show	   the	  
possibility	   to	   achieve	   the	   tuning	   of	   the	   defect	   mode	   in	   the	   photonic	   band	   gap	   with	   the	  employment	  of	  the	  magnetic	  field.	  We	  can	  show	  a	  tuning	  of	  the	  defect	  mode	  of	  22	  nm	  with	  of	  5	  T,	  at	  low	  temperature.	  We	  also	  show	  the	  possibility	  to	  tune	  a	  microcavity	  with	  disordered	  Bragg	  reflectors,	  with	  a	  shift	  of	  resonances	  in	  a	  broad	  range	  of	  wavelengths.	  	  
Outline	  of	  the	  method	  For	  a	  careful	  simulation	  of	  the	  light	  transmission	  through	  the	  microcavities,	  we	  need	  to	  take	  into	   account	   the	   dispersion	   of	   the	   refractive	   index	   and	   the	  Verdet	   constant	   of	   the	   different	  materials	  employed.	  With	  the	  magnetic	  field	  𝐵	  parallel	  to	  the	  direction	  of	  propagation	  of	  light,	  the	  difference	  between	  the	  refractive	  indexes	  for	  left	  and	  right	  circularly	  polarized	  (clockwise	  and	   counter-­‐clockwise,	   respectively)	   beams	   that	   propagate	   through	   the	   medium	   can	   be	  expressed	  in	  the	  following	  way	  [11]:	  𝑛!,! 𝜆 = 𝜀𝜇 ± !!!!! 	  	   	   	   	   	   	   	   (1)	  where	   ε	   is	   the	   dielectric	   permittivity	   and	   µ	   is	   the	   magnetic	   permittivity.	   V	   is	   the	   Verdet	  constant	  and	  λ	  is	  the	  wavelength.	  If	  we	  assume,	  for	  the	  materials	  employed	  in	  this	  work,	  that	  𝜀𝜇 = 𝜀 = 𝑛(𝜆)	  [i.e.,	  𝜇 ≈ 1,	   also	   for	   TGG	   [21]],	   the	   first	   term	   is	   the	  wavelength	   dependent	  index	   of	   refraction.	   Moreover,	   we	   need	   to	   consider	   also	   the	   wavelength	   dependency	   the	  Verdet	  constant	  V,	  such	  that	  the	  expression	  becomes:	  𝑛!,! 𝜆 = 𝑛(𝜆)± !(!)!!!! 	   	   	   	   	   	   	   (2)	  In	   the	   structure	   studied	  we	   used	   three	  materials:	   TGG	   (Tb3Ga5O12),	   silica	   (SiO2)	   and	   yttria	  (Y2O3).	  	  
Refractive	  index	  and	  Verdet	  constant	  of	  TGG	  For	  the	  dispersion	  of	  the	  refractive	  index	  of	  TGG	  we	  fit	  the	  experimental	  data	  from	  [22]	  with	  a	  single	  absorption	  resonance	  Sellmeier	  equation:	  𝑛!""! (𝜆)− 1 = !.!"#!!!!!!.!"#$%	   	   	   	   	   	   	   (3)	  where	  the	  wavelength	  is	  in	  micrometers.	  The	  R2	  of	  the	  fit	  is	  >	  0.999.	  A	   very	   detailed	   study	   on	   TGG	   reports	   the	   wavelength	   and	   temperature	   dependent	   Verdet	  constant	  [20]	  𝑉 𝜆,𝑇 = + !"#!!!!!!!!! − !"×!"! !!!!!!! !!!!!! − !"!#!!!!	   	   	   	   	   (4)	  where	  the	  wavelength	  is	   in	  nm.	  Such	  Verdet	  constant	   is	  referred	  to	  the	  ceramic	  material	  K4	  (by	  Konoshima	  Chemical,	   Co.	   Ltd.).	  λ0	   ,	   237	  nm	   for	  K4,	   is	   the	  wavelength	  of	   the	   absorption	  resonance,	  and	  TW	  ,	  7.6	  K	  for	  K4,	  is	  the	  Curie-­‐Weiss	  temperature	  [20].	  	  
Refractive	  index	  and	  Verdet	  constant	  of	  Silica	  For	  silica	  we	  used	  the	  Sellmeier	  equation	  as	  reported	  in	  Ref.	  [23]:	  𝑛!"!!! (𝜆)− 1 = !.!"!#!!$!!!!!!.!"#$!$%! + !.!"#$!%&!!!!!!.!!"#$!$! + !.!"#$#"$!!!!!!.!"#$#$!	   	   (5)	  For	  the	  Verdet	  constant	  we	  fit	  the	  data	  from	  Refs.	  [24–26]	  to	  achieve	  the	  following	  expression:	  𝑉 𝜆 = !.!"!!!!.!"#"!	   	   	   	   	   	   	   	   (6)	  	  
Refractive	  index	  ad	  Verdet	  constant	  of	  Yttria	  For	  Yttria	  we	  used	  the	  Sellmeier	  equation	  as	  reported	  in	  Ref.	  [27]:	  𝑛!!!!! (𝜆)− 1 = !.!"#$!!!!!!.!"#$! + !.!"#!!!!!!!.!"!!	   	   	   	   	   (7)	  where	  the	  wavelength	  is	  in	  micrometers.	  The	  R2	  of	  the	  fit	  is	  >	  0.999.	  
For	  the	  Verdet	  constant	  of	  Yttria	  we	  fit	  the	  data	  from	  Ref.	  [28]	  by	  using	  a	  power	  law	  equation	  𝑓 𝜆 = !!! + 𝑐:	  𝑉 𝜆 = !.!!"!##!!.!" + 1.297	   	   	   	   	   	   	   (8)	  where	  the	  wavelength	  is	  in	  micrometers.	  The	  R2	  of	  the	  fit	  is	  >	  0.999.	  We	  used	  the	  refractive	   indexes	  as	  expressed	  in	  Equation	  2.	  The	  first	  term	  of	  the	  equation	  is	  the	   Sellmeier	   equation,	   while	   the	   second	   term	   includes	   the	   wavelength	   dependent	   Verdet	  constant	   (wavelength	   and	   temperature	   dependent	   for	   TGG).	   Such	   refractive	   indexes	   have	  been	  employed	  in	  the	  transfer	  matrix	  method	  to	  simulate	  the	  transmission	  spectra	  [29–31].	  We	  have	  performed	  the	  simulation	  with	  a	  spectral	  resolution	  of	  1	  picometer.	  	  
Results	  and	  Discussion	  In	  Figure	  1	  we	  show	  the	  scheme	  of	  the	  studied	  microcavity	  in	  which	  a	  TGG	  defect	  is	  embedded	  between	  two	  Bragg	  reflectors.	  Each	  Bragg	  reflector	  consists	  of	  10	  silica/yttria	  bilayers.	  In	  this	  simulation	  the	  thickness	  of	  the	  silica	  layers	  is	  0.12	  µm,	  the	  one	  of	  the	  yttria	  layers	  is	  0.07	  µm,	  while	  the	  thickness	  of	  TGG	  is	  0.69	  µm,	  a	  value	  similar	  to	  the	  one	  used	  in	  another	  interesting	  simulation	  reported	  in	  Ref.	  [32].	  	  
	  
Figure	   1.	   Scheme	  of	   the	   (SiO2/Y2O3)10/TGG/(SiO2/Y2O3)10	  microcavity,	   i.e.	   a	  TGG	  layer	  sandwiched	  between	  two	  Bragg	  reflectors	  made	  by	  10	  bilayers	  of	  SiO2/Y2O3	  .	  	  In	  Figure	  2	  we	  show	  the	  transmission	  spectrum	  of	  the	  microcavity	  for	  clockwise	  and	  counter-­‐clockwise	   polarized	   light.	   The	  magnetic	   field	   applied	   is	   5	   Tesla	   and	   the	   temperature	   of	   the	  experiment	   is	  8	  K.	  We	  simulate	   the	   transmission	  spectrum	  at	  wavelengths	   longer	   than	  0.52	  µm	  to	  avoid	  the	  absorption	  resonance	  of	  TGG	  at	  0.488	  µm	  [19].	  We	  observed	  that	  the	  defect	  mode	  of	  the	  microcavity	  is	  sensitive	  to	  the	  polarization	  of	  light	  in	  presence	   of	   the	   magnetic	   field.	   The	   defect	   mode	   central	   wavelength	   for	   the	   clockwise	  polarization	   is	  red-­‐shifted	  by	  about	  22	  nm	  with	  respect	   to	   the	  defect	  mode	   for	   the	  counter-­‐clockwise	  polarization.	  This	  also	  means	  a	  shift	  of	  about	  11	  nm	  of	  the	  defect	  mode	  by	  turning	  on/off	  the	  magnetic	  field	  (Figure	  2b).	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Figure	   2.	   (a)	   Transmission	   spectrum	   of	   the	   (SiO2/Y2O3)10/TGG/(SiO2/Y2O3)10	  microcavity	   for	   the	   clockwise	  σ+	   (black	   solid	   line)	   and	   the	   counter-­‐clockwise	  σ-­‐	  (red	  dashed	  line)	  polarizations.	  (b)	  Zoom	  in	  the	  wavelength	  range	  of	  the	  bad	  gap	  defect	   mode	   of	   the	   microcavity	   for	   the	   clockwise	   σ+	   (black	   solid	   line)	   and	   the	  counter-­‐clockwise	   σ-­‐	   (red	   dashed	   line)	   polarizations	   and	   for	   the	   microcavity	  without	  the	  applied	  magnetic	  field	  (𝐵 = 0,	  blue	  short-­‐dashed	  line).	  	  Figure	   3	   depicts	   the	   spectral	   position	   of	   the	   band	   gap	   defect	   as	   a	   function	   of	   the	   applied	  magnetic	   field	   and	   temperature	   for	   the	   two	   polarizations.	   Such	   intensities	   of	   the	  magnetic	  field,	   and	   values	   of	   temperature,	   can	   be	   applied	   with	   a	   setup	   as,	   for	   example,	   the	   one	  described	  in	  Ref.	  [33].	  In	  Figure	  3b,	  where	  a	  step	  of	  1	  K	  has	  been	  used,	  we	  clearly	  see	  the	  non-­‐monotonic	   trend	   in	   agreement	   with	   equation	   4	   (the	   stars	   in	   Figure	   3b	   depict	   the	   spectral	  positions	  very	  close	  to	  TW	  if	  a	  temperature	  step	  of	  0.1	  K	  is	  feasible).	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Figure	   3.	   Spectral	   position	   of	   the	   band	   gap	   defect,	   for	   the	   clockwise	   σ+	   (black	  circles)	  and	  the	  counter-­‐clockwise	  σ-­‐	  (red	  squares)	  polarizations,	  (a)	  as	  a	  function	  of	   the	   applied	  magnetic	   field	   (temperature	  T	   =	   8K),	   and	   (b)	   as	   a	   function	   of	   the	  temperature	   (with	   an	   applied	  magnetic	   field	   of	   5	   T).	   The	   stars	   in	   (b)	   depict	   the	  spectral	  positions	  at	  temperatures	  very	  close	  to	  TW	  .	  	  In	  Figure	  4	  we	  show	  the	  shift	  of	  several	   resonances	  (e.g.	   from	  0.560	  to	  0.545	  µm,	  and	   from	  0.629	  to	  0.612	  µm)	  in	  a	  microcavity	  in	  which	  TGG	  is	  embedded	  between	  two	  disordered	  one-­‐dimensional	  photonic	  structures	  made	  of	  SiO2	  and	  Y2O3.	  The	  disordered	  structures	  are	  made	  with	  20	  layers	  each,	  where	  each	  layer	  has	  50%	  probability	  to	  either	  SiO2	  or	  Y2O3	  .	  For	  details	  on	   disordered	   one	   dimensional	   photonic	   structures	   the	   reader	   is	   referred	   to	   reference	  [34,35].	  Notably,	   in	   this	  configuration	  a	  wavelength	  shift	  on	  several	  resonances	   is	  observed,	  with	   respect	   to	   the	   effect	   on	   the	  narrow	   line	  width	   cavity	  mode	  presented	   in	   Figure	  2.	  We	  believe	   the	  difference	  here	   is	   a	   result	  of	   the	  disorder	   introduced	   in	   the	  photonic	   structures	  that	   embed	   the	   TGG	   defect.	   The	   latter	   example	   is	   an	   interesting	   way	   to	   tune	   the	   broad	  transmission	  properties	  of	  a	  photonic	  structure	  in	  a	  contactless	  way	  by	  applying	  a	  magnetic	  field,	  useful	  for	  example	  for	  a	  tunable	  random	  laser.	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Figure	   4.	   Transmission	   spectrum	   of	   a	   microcavity	   in	   which	   TGG	   is	   embedded	  between	   two	   disordered	   one-­‐dimensional	   photonic	   structures	  made	   of	   SiO2	   and	  Y2O3	   .	  We	   show	   the	   clockwise	  σ+	   (black	   solid	   line)	   and	   the	   counter-­‐clockwise	  σ-­‐	  (red	  dashed	  line)	  polarizations.	  	  
Conclusion	  In	  this	  study	  we	  simulated	  the	  transmission	  spectrum	  of	  two	  types	  of	  microcavities	  employing	  as	   materials	   silica	   (SiO2)	   and	   yttria	   (Y2O3)	   and	   TGG	   (Tb3Ga5O12)	   as	   defect	   layer.	   The	   first	  microcavity	  sandwiches	  the	  TGG	  defect	  between	  two	  periodic	  Bragg	  reflectors,	  the	  second	  one	  sandwiches	   the	   TGG	   defect	   between	   two	   one-­‐dimensional	   disordered	   structures.	  We	   show	  that	  the	  application	  of	  an	  external	  magnetic	  field	  results	  in	  a	  tuning	  of	  the	  defect	  mode	  of	  the	  microcavities.	  Although	  this	  effect	  is	  a	  well	  known	  physical	  phenomenon	  [11],	  only	  the	  careful	  studies	  of	  the	  wavelength	  and	  temperature	  dependent	  Verdet	  constant	  of	  TGG	  [19,20]	  allow	  the	   desing	   of	   photonics	   structures	   embedding	   TGG.	   In	   fact,	   in	   the	   simulations	   we	   have	  considered	  the	  dispersions	  of	  the	  refractive	  indexes	  and	  the	  Verdet	  constants	  of	  the	  materials.	  A	   tuning	   of	   the	   defect	   mode	   of	   about	   22	   nm	   with	   of	   5	   T,	   at	   low	   temperature	   (8	   K),	   is	  demonstrated.	  The	  magnetic	  field	  and	  temperature	  conditions	  can	  be	  achieved	  by	  placing	  the	  sample	  in	  the	  core	  of	  a	  superconducting	  solenoid	  and	  in	  contact	  with	  helium	  gas	  (example	  of	  a	  proper	   setup	   is	   reported	   in	   Ref.	   [33]).	   With	   respect	   to	   the	   periodic	   microcavity,	   the	   one	  employing	   two	  disordered	   structures	   shows	   a	   variety	   of	   tunable	   transmission	   peaks	   in	   the	  studied	   spectral	   range.	   A	   fabrication	   of	   the	   described	   structures	   can	   be	   pursued	   with	  techniques	  as	  sputtering	  [36]	  and	  pulsed	  laser	  deposition	  [37].	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